By expressing vesicular glutamate transporters at high levels in plasma membrane and applying voltage clamp methods, Eriksen et al. (2016) have identified a Cl À channel in the transporter that is coactivated by protons and Cl À .
Electrophysiology has enabled detailed views of the biophysics of membrane proteins, such as voltage gated ion channels or neurotransmitter receptors (Hille, 2001) . Even the functions of many transporters and pumps have been clarified due to their electrogenic or ohmic properties (Fahlke et al., 2016) . In some cases, electrophysiological methods have been skillfully applied to ion channels in intracellular membranes, such as mitochondria or lysosomes (Dong et al., 2008; Keller and Hedrich, 1992) . What have remained resistant to this approach are the proteins associated with synaptic vesicles, in particular the vesicular neurotransmitter transporters. The content of the vesicle defines the quantal unit of synaptic transmission (Edwards, 2007) . Vesicular neurotransmitter transporters have the job of concentrating transmitter to hundreds of mM in synaptic vesicles and must do so rapidly enough to accommodate the relatively fast-paced turnover of membrane during ongoing synaptic activity. The transporters share the vesicle membrane with vacuolar H + -ATPases, pumps which consume ATP in order to concentrate protons inside the vesicles (Edwards, 2007) . In the process, the ATPase also establishes a voltage, inside positive, and it is believed that voltage and/or proton gradients supply the energy to drive transport, depending on the subtype of transmitter transporter. Getting at the details of this process has been challenging, however, and the field has depended upon assays such as radio tracer fluxes or fluorescent pH indicators in vesicle or liposome preparations.
These classical biochemical approaches have revealed vital details about the process of loading of vesicles, while at the same time highlighting many puzzles. It has long been known, for example, that although catecholamine uptake relies heavily on the luminal protons, glutamate uptake relies much more on the voltage gradient (Maycox et al., 1988) . What, then, is the function of protons in glutamate uptake? And if only voltage is needed for uptake, then when a glutamatergic vesicle fuses and becomes continuous with the plasma membrane during exocytosis, why does not the resting potential of the synaptic plasma membrane drive transport of glutamate into the synaptic cleft ( Figure 1A) ? Another puzzle has been the role of other ions in the loading process. For example, it was shown repeatedly that Cl À , at a key concentration range, is required for loading glutamate. Yet the exact role of Cl À , and its path of entry into the vesicle, has remained unclear, and is moreover an area of clear disagreement in the field. The cloning of the vesicular glutamate transporters has revealed three main subtypes, VGLUT1-VGLUT3, each with distinct patterns of expression in the brain and in sensory tissues (Edwards, 2007) . The transporters can be expressed heterologously, but their incorporation appears to be specific to intracellular membranes, thereby complicating their electrophysiological analysis. Thus, despite the cloning of the transporters, the fundamental puzzles about the loading process and requirements have stayed with us, in part because of the limitations of methodologies on which the field has depended. Moreover, lacking new ways to explore the biophysics of each VGLUT subtype, the functional significance of their differential distribution in the brain has remained unclear.
In this issue of Neuron, Eriksen et al. (2016) introduce a fundamentally new approach to the study of vesicular glutamate uptake by developing a novel electrophysiological method for the study of transporter function. Using an ''internalization-defective'' mutation of VGLUT2 that enables the protein to express stably in the plasma membrane at high levels, the authors were able to turn Xenopus oocytes into giant ''inside-out'' vesicles, with the normally luminal face of the transporters now oriented to the extracellular space. By applying two-electrode voltage clamp, the authors were able to detect electrical properties associated with the expressed VGLUT and in the process make several striking discoveries. In normal solutions, little ionic current could be detected. However, when the oocyte was exposed to a low pH solution, corresponding to the acid environment of the vesicle lumen, a large, inwardly rectifying current was induced. This current had several important features. Its size and speed are consistent with a conducting pathway, i.e., an ion channel. Its reversal potential shifted in an almost Nernstian fashion with change in Cl À concentration, indicating that the channel conducts Cl À .
Moreover, there was a clear requirement for protons for this current, even though protons did not conduct the current. Thus, the current is triggered by protons, and therefore protons bind in an allosteric fashion on the transporter to activate the conductance ( Figure 1B Finally, the authors tested the idea that what keeps VGLUTs from transporting glutamate into the cleft after exocytosis is the neutral pH environment of the synaptic cleft. Plasma membrane targeted VGLUT2 was expressed in cultured neurons and a cocktail of drugs was added to enhance detection of ambient glutamate. Shifting bath pH from 7.4 to 6.0 triggered a large inward current blocked by an AMPA receptor antagonist, suggesting that plasma membrane VGLUT2 can secrete glutamate under the right conditions.
The results of this study open a new window into the vesicle, allowing electrophysiology to be combined with classical Other ionic pathways across vesicle membrane have been proposed as well (Goh et al., 2011; Preobraschenski et al., 2014) , and these could affect this voltage drop. Eriksen et al. (2016) also find that glutamate on the luminal side of VGLUT impedes the conductance. If the Cl À conductance is required for glutamate transport, does glutamate then limit its own accumulation by regulating the conductance? Also of interest are the differences in the VGLUTs that underlie their selective expression in the brain, particularly for VGLUT3. It is possible that VGLUT3 is fine-tuned to operate in an energetic environment that also favors the operation of other transmitter transporters in the same vesicle membrane (Hnasko and Edwards, 2012) . But if so, why is VGLUT3 the primary VGLUT of glutamatergic cochlear inner hair cells? Perhaps we will find that the kinetics of uptake by VGLUT3 favors a rate or level of filling that can support the ''indefatigable'' transmission of hair cells (Griesinger et al., 2005) . Or perhaps hair cells have an as-yet-undiscovered cotransmitter?
The vesicle, by virtue of its small size, presents a fascinating problem for dissecting the dynamic interactions that must arise among multiple transport pathways, pathways that ultimately generate the enormous concentration of transmitter needed for synaptic function. The study of Eriksen et al. (2016) provides key advances in this effort at several levels and should motivate further efforts to push the technological envelope in this field.
